IntrOduCtIOn
Hyperuricemia is a prerequisite for gout and might be a risk factor for cardiovascular and kidney diseases. [1] [2] [3] For treating gout, the European League Against Rheumatism and American College of Rheumatology recommend lowering serum uric acid (SUA) level below 360 µmol/L and below 300 µmol/L in some cases. 4 5 However, maintaining too low SUA levels is a concern because uric acid (UA) is thought to be neuroprotective. 6 UA might have important antioxidant properties, 7 and some studies have reported increased risk of several neurodegenerative diseases such as Parkinson's disease 8 or amyotrophic lateral sclerosis with a low SUA level. 9 The association of SUA level with cognitive impairment and dementia has been explored, but results are conflicting. 6 The risk of Alzheimer's disease (AD) was found inversely associated with SUA level and gout, [10] [11] [12] with less convincing associations with other subtypes of dementia, such as vascular dementia. 6 12 Furthermore, given the putative adverse effect of UA on cardiovascular outcomes, UA may contribute to cognitive impairment and dementia risk via increased risk of cerebrovascular disease. 13 Most studies that investigated the link between SUA level and dementia were cross-sectional, with risk of bias (review in refs 6 and 10), and longitudinal studies are scarce. Thus, more longitudinal population-based cohort studies are needed to better unravel the complex link between UA and cognitive impairment.
Brain changes occur silently over a long time before clinical features of dementia become evident.
14 Therefore, an assessment of the impact of SUA level on incident dementia needs to also investigate preclinical biomarkers, with an extended follow-up. Brain MRI markers such as hippocampal atrophy or white matter hyperintensities (WMHs) are known strong predictors of further cognitive impairment and are thus of particular interest for exploring the link between SUA level and neurodegenerative disorders. [14] [15] [16] Here we investigated the risk of incident dementia and brain MRI features by SUA level in a large cohort of older adults.
MethOds study population
The Three-City Dijon Study (3C-Dijon) is a French population-based cohort study of 4931 non-institutionalised people aged ≥65 years old who were randomly selected from the city electoral rolls. 17 Baseline examination (January 1999 to March 2001) consisted of a face-to-face interview (for collecting sociodemographic and lifestyle characteristics and medical history), fasting blood sampling and physical and cognitive examination. In addition, between June 1999 and September 2000, participants who were aged <80 years old (n=2763) were asked to undergo a cerebral MRI; 2285 subjects agreed (83%) and 1924 scans were performed at baseline.
Over a 12-year period, six follow-up visits took place at a 2-year interval. The third follow-up examination consisted of a self-reporting questionnaire or a phone interview for participants who had refused to or could not complete the questionnaire. participants, and the study protocol was approved by the ethics committee of the University Hospital of Kremlin-Bicêtre.
To be eligible for the present study, participants had to have a baseline assessment of SUA level, no clinical diagnosis for dementia at baseline, a Mini-Mental State Examination (MMSE) score of >24 to exclude potential undiagnosed dementia and at least one follow-up visit. We excluded participants receiving urate-lowering treatments (ULT) because they were likely to have gout (n=61; their baseline characteristics are described in online supplementary table 1), a diagnosis that might interfere with the diagnosis of dementia according to recent studies. 11 12 In all, 1598 participants met these criteria and represented the study sample for dementia analyses. After excluding participants with brain tumours (n=8), our baseline sample for MRI markers consisted of those with baseline SUA measurements and valid MRI data on WMH volume (WMHV; n=1525), MRI-defined brain infarcts (n=1588) and hippocampal volume (n=1393).
screening and diagnosis of dementia
Diagnosis of dementia was based on a classical three-step procedure. At each follow-up examination (2, 4, 8, 10 and 12 years after enrolment), trained psychologists screened participants for dementia by using the MMSE and the Isaacs Set Test. Participants were further examined by a physician who performed additional neuropsychological testing and assessed the degree of impairment. Finally, an independent committee of neurologists reviewed all potential prevalent and incident cases of dementia to reach consensus on the diagnosis and aetiology, in accordance with DSM-IV criteria. For AD, the dementia classification was based on the criteria of the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) and for vascular dementia, on the criteria of the National Institute of Neurological Disorders and the Stroke-Association Internationale pour la Recherche et l'Enseignement en Neurosciences (NINDS-AIREN). 18 19 In our study, mixed dementia (AD with vascular lesions) and pure vascular dementia were combined to form a category of dementia with a vascular component.
brain MrI and variables definitions
MRI acquisition was performed on 1.5-Tesla Magnetom scanner (Siemens, Erlangen). One experienced and independent radiologist blinded to clinical data performed the MRI readings for brain infarcts and lacunes detection. Further details regarding MRI acquisition and assessment of other brain lesions and volumes are described in online supplementary material.
Measurement of urate levels and other measurements (see online supplementary material) statistical analyses
SUA levels are consistently lower in females than in males over time, even after menopause. 20 This was the case in the 3C-Dijon study (age-adjusted mean SUA (SE): 305.1 (2.7) in males vs 254.2 (2.1) in females, p<0.0001). In order to avoid any potential confounder related to gender, we generated SUA quantiles using gender-dependent thresholds in our main analysis: 75th percentile=345 µmol/L for men, 292 µmol/L for women; quartile 1 (Q1): <260 µmol/L for men, <209 µmol/L for women; quartile 2 (Q2): 260-299 for men, 209-247 for women; quartile 3 (Q3): 299-345 for men, 247-292 for women; quartile 4 (Q4): ≥345 for men, ≥292 for women. We described the characteristics of the cohort by SUA level at baseline by using analysis of covariance for continuous variables and χ 2 test for categorical variables.
We assessed the risk of our primary outcome, dementia (all-cause, AD, vascular or mixed) according to SUA levels by using Cox proportional hazard models with age as a time scale and calculated HRs and their 95% CIs. Because of difficulties in defining the date of onset of the dementia process, which is generally insidious, we defined the age of diagnosis of dementia as the age at the midpoint of the interval between the date of diagnosis and the date of the previous visit without dementia. Data were censored at age of diagnosis of dementia (for dementia cases) or last follow-up visit (for non-dementia cases).
For further details regarding statistical analyses see online supplementary material. All analyses involved use of SAS V.9.3 (SAS Institute, Cary, North Carolina, USA), and a two-tailed p value ≤0.05 was considered statistically significant. 
Clinical and epidemiological research results study sample
The study population involved 1598 people (mean (SD) age 72.4 (4.1) years, males 38.3%) (table 1). The mean SUA level at baseline was 273.7±70.4 µmol/L. High baseline SUA level was associated with older age, history of cardiovascular disease and usual cardiovascular risk factors (currently smoking, high body mass index (BMI), hypertension, low high-density lipoprotein cholesterol level and high triglycerides levels), low glomerular filtration rate, aspirin or diuretics use, high levels of C reactive protein and interleukin (IL)-6 ( The association of dementia and SUA level was stronger with vascular or mixed dementia (HR=6.41 (1.20 to 34.29), p for trend=0.022; model 4) than AD (HR=1.89 (0.94 to 3.83), p for trend=0.06; model 4). The association between SUA levels and all-cause dementia was also maintained when we used gender-unified quartiles for SUA levels (see online supplementary table 3).
suA levels and brain MrI markers (secondary outcomes)
We did not find any association between SUA levels and MRI markers of cerebrovascular disease (table 3), or hippocampal volume (model 4, β (SE)=−0.003 (0.040), p=0.94 for high SUA level (≥75th percentile)).
sensitivity analyses
When the association between SUA and dementia was examined in subjects not taking NSAIDs, the association with AD was strengthened and the one with vascular or mixed dementia lost its significance (table 4) . When the usual definition of hyperuricemia was used as cutoff (≥360 µmol/L in males, ≥300 in females), the trend was maintained but non-significant (table 5) . Furthermore, our results were not modified when the date of disease was changed for the date of the first visit with dementia ( 
dIsCussIOn
In our large population-based cohort study, we found increased risk of dementia developing with high SUA level in elderly people, even after multiple adjustments. Analyses by subtype of dementia showed that this association tended to be stronger with vascular or mixed dementia than with AD. This latter finding must be interpreted cautiously however, given the small number of events of vascular dementia. The association between SUA level and dementia has been debated in the last decade. Historically, low SUA level has been repeatedly reported in neurodegenerative diseases. 21 The hypothesis often proposed to explain the association is that UA is a natural antioxidant, which might reduce oxidative stress and protect against the detrimental effects of free radicals in the brain. [22] [23] [24] [25] This hypothesis was partly rejected by Hershfield et al, who did not observe any change in oxidative stress markers in patients receiving pegloticase, which greatly lowers SUA level. 26 Recent in vitro studies found that UA increased oxidative stress and potentiated the neurotoxic effects of amyloid β in neuronal cells. 27 In addition, increasing SUA level with inosine provided no or poor clinical benefit in patients with Parkinson's disease or relapsing-remittent multiple sclerosis. 28 29 Chen et al, in a meta-analysis of case-control studies (n=2708 participants), found no significant difference between patients with AD and healthy controls in SUA level. 10 Another recent meta-analysis found lower SUA level in AD but not vascular nor mixed dementia. 6 Both meta-analyses were however based on cross-sectional studies, with the important limitation that BMI, body mass index; CRP, C reactive protein; HDL, high-density lipoprotein; IL, interleukin; LDL, low-density lipoprotein; NSAIDs, non-steroidal anti-inflammatory drugs; SUA, serum uric acid; WMHV, white matter hyperintensity volume. Q1: quartile 1 (lowest quartile); Q2: quartile 2; Q3: quartile 3; Q4: quartile 4 (highest quartile). Cutoffs gender-specific for SUA: 75th percentile=345 for men, 292 for women; Q1: <260 for men, <209 for women; Q2: 260-299 for men, 209-247 for women; Q3: 299-345 for men, 247-292 for women; Q4: ≥345 for men, ≥292 for women. Extensive WMHV is defined as the age-specific top quartile (≥75th percentile) of WMHV over white mask volume (thresholds are calculated in three-age strata: <70, (70-75) and ≥75 years). Logistic regression models were used to assess the probability of having brain infarcts, lacunes or extensive WMHV at baseline by baseline SUA level.
Clinical and epidemiological research
physiological and metabolic changes may occur with the onset of AD and may also affect SUA levels. 30 The sole longitudinal study that assessed the impact of SUA level on incident dementia was conducted in the Rotterdam cohort. Risk of incident dementia was reduced, and cognitive performance in later life was better with high SUA level. 31 Considering that the mean age at dementia diagnosis is around 85 years 32 and that the pathological processes leading to dementia can start many years before clinical diagnosis, 33 the effect of an exposure might depend on when it is measured or on the length of follow-up. Hence, some of the discrepancies between our results and those of the Rotterdam study might be related to differences in the age at SUA measurement (72.4±4.1 vs 69.4±8.4 years, respectively) or in the duration of follow-up for incident dementia (8.4±3.1 vs 9.0±3.5 years, respectively). Moreover, both the Rotterdam and the 3C study are limited by the availability of a single SUA measurement, and we cannot exclude that potential time-varying effects of SUA could also partly account for the discrepancies observed. Interestingly, in a subsequent cross-sectional study of the same Rotterdam cohort, high SUA level was found associated with white matter atrophy on MRI and worse cognitive performance. 34 Our findings support several previous studies showing that even mildly elevated SUA levels might contribute to functional brain changes and cognitive decline, especially in older adults. [35] [36] [37] [38] In patients with chronic kidney disease, SUA levels were also inversely associated with MMSE score. 39 One hypothesis is that the association between higher SUA levels and dementia or lower cognitive performance may be mediated by underlying cerebrovascular disease. 13 In the present study, we found a non-significant trend towards an association between high SUA level and extensive WMHV, a biomarker of cerebral small vessel disease. 15 This association was even significant in the larger sample without exclusion of participants taking ULT. Participants receiving ULT are likely patients with gout (ie, with the highest SUA levels), and may thus be particularly exposed to cerebrovascular disease: consistently, we found a higher prevalence of cardiovascular comorbidities in participants taking ULT than in the main sample. This, in addition to the reduction in sample size, may explain why the association between SUA and WMHV was not significant after exclusion of participants taking ULT. Previous studies have shown an association between elevated SUA level and WMH or white matter atrophy. 34 40-42 Brain infarcts and lacunes were not associated with SUA levels in our study. However, the association between SUA levels and vascular or mixed dementia, but not all dementia, disappeared after adjustment on interim strokes, suggesting a mediating effect of stroke for the vascular or mixed dementia subtype only.
Inflammation may be another potential mediator of the association between high SUA levels and vascular dementia risk. In line with this hypothesis, individuals with high SUA levels were more likely to have high CRP and IL-6 levels at baseline in the present study. Some data support that systemic inflammation might mediate the effects of UA on vascular damage, including WMH. 43 44 Because NSAIDs might impact the risk of dementia by modulating oxidative stress or systemic inflammation, we also explored their effect in sensitivity analyses after excluding participants taking NSAIDs. While the overall risk of dementia was not affected, the association with AD was strengthenedconsistently with previous evidence showing a decreased risk of AD in NSAIDs users. 45 Conversely, the association with vascular or mixed dementia lost its significance. This latter finding must be interpreted with caution given the small number of events.
While our main analysis was conducted after exclusion of participants taking ULT, the association between SUA and dementia was substantially unchanged if including participants taking ULT, supporting the robustness of our findings. The subgroup of participants under ULT was too small to conduct detailed analyses on the association of SUA with dementia in this subgroup. The effect of ULT on the risk of dementia remains to be elucidated in further studies.
Our study has several strengths. It is a large prospective cohort study with a follow-up of more than 12 years. Diagnosis of dementia was based on a thorough three-step procedure, including the review of each diagnosis by an independent committee of experts, and different subtypes of dementia were evaluated. Each participant was thoroughly screened for a large number of factors associated with cognitive impairment or SUA level, and brain MRI markers were assessed in parallel. Importantly, gender-dependent cutoffs of SUA were determined in order to avoid any gender bias in our analyses, and various sensitivity analyses were realised. Several limitations should, however, be considered. First, our participants are not perfectly representative of the French general population of the same age range since they are volunteering for extensive investigations and follow-up. This is a common limitation of prospective population-based studies, regardless of the sampling method used. However, as suggested by the Paquid study, population-based samples may become more representative of the general population after a long follow-up period. 46 This may limit the generalisability of our findings. It is important to note that our goal was to evaluate the association of dementia with SUA levels and not with hyperuricemia or gout per se. Hence, inclusion criteria were not based on SUA levels, and therefore results displayed herein are not generalisable to hyperuricemia or gout cohorts. Second, the old age of our participants implies that we are lacking SUA measurements in midlife, which may better reflect life-long exposure than late-life measurements. Moreover, the latter may be modified by behavioural changes, initiation of treatments and concomitant age-related chronic diseases. Third, survival bias cannot be ruled out, as persons with high SUA levels may have died from cardiovascular disease before the lower age limit of 65 years for enrolment in the 3C-Dijon study. However, given the association of high SUA with increased risk of cardiovascular events this would be expected to attenuate our findings. 47 Conversely, we cannot exclude that AD might have occurred prematurely in some people with low SUA levels before 65 years, who would not have been selected in the present study since dementia was an exclusion criterion. This selection bias due to the depletion of susceptibles could explain the null findings behind SUA and AD in this study. Fourth, the availability of only a single measurement of SUA in our study prevents us from investigating potential time-varying effects of SUA.
In conclusion, in a large prospective cohort of elderly people, high SUA levels were associated with increased risk of dementia, especially vascular or mixed dementia. These results require confirmation in other prospective large-scale studies including younger individuals with long follow-up duration and ideally repeated measurements of SUA.
